Integrins play crucial roles in epithelial adhesion, proliferation, wound healing and cancer. In the epidermis, the roles of many integrin subunits are incompletely defined and mechanistic details regarding their functions are lacking. We performed a multiplexed small hairpin (sh)RNA screen to define roles for each subunit in human organotypic skin. We show that integrin-αv (also known as ITGAV) heterodimers are essential for epidermal generation, with integrin-αv loss driving a keratinocyte G1-S cell cycle block. Surprisingly, integrin αv is not localized within keratinocyte focal adhesions, and instead maintains proliferation by controlling cellular (c)-Myc translation through FAK, p38β and p90RSK1. These phenotypes depend only on the binding partners of integrin-αv -integrin β5 and integrin β6 (also known as ITGB5 and ITGB6, respectively). Through inducible depletion of integrin αv in both normal organotypic epidermis and Ras-driven invasive neoplasia, we show that integrin αv is required for de novo tissue generation and neoplastic invasion but that it is dispensable for epidermal maintenance. Heterodimers of integrin αv with integrin β5 (integrin αvβ5) or integrin β6 (integrin αvβ6) are required to similar extents for neoplastic invasion, thus identifying integrin αvβ5 and integrin αvβ6 heterodimers as potential therapeutic targets for epidermal squamous cell carcinoma.
INTRODUCTION
Integrin-αβ heterodimers transduce mechanical and chemical cues from the extracellular matrix into intracellular signals that vary with cell type and tissue microenvironment (Watt and Fujiwara, 2011; Watt and Huck, 2013) . In the classic paradigm of adhesion signaling, integrin engagement leads to recruitment of structural, adaptor and signaling proteins to form a large membrane-associated adhesion complex called a focal adhesion (Hynes, 2002) . The integrin family comprises 18 α-subunits and eight β-subunits, which combine to form 24 α-β heterodimers with variable focal adhesion compositions and distinct non-redundant functions (Humphries et al., 2009; Schiller et al., 2013) . Integrin expression is dynamic, and subunit requirements differ between tissue development, homeostasis, injury repair and tumorigenesis (Janes and Watt, 2006; López-Rovira et al., 2005; Sachs et al., 2012) . Integrin signaling is important for the generation and maintenance of epidermis, where basal proliferative cells directly interact with extracellular-matrix-rich basement membranes (Duperret and Ridky, 2013; Watt and Huck, 2013) .
Transgenic mouse models have provided insight into the specific requirements of some integrins in epidermal maintenance, wound healing and squamous cell carcinoma (SCC) (Duperret and Ridky, 2013; . Integrin α3β1 is essential for proper basement membrane matrix organization, hair growth and wound healing in mice (Conti et al., 2003; DiPersio et al., 1997 DiPersio et al., , 2000 Margadant et al., 2009 ). Integrin α9β1 is necessary for murine wound re-epithelialization (Singh et al., 2009 ) and integrin α6β4, a hemidesmosomal component, is essential for epidermal adhesion to the basement membrane (DiPersio et al., 2000; Dowling et al., 1996; Niculescu et al., 2011; Raymond et al., 2005; van der Neut et al., 1996) . Additionally, ablation or inhibition of integrin β1 (also known as ITGB1) or integrin α6β4 blocks tumor formation in mouse and human skin (Dajee et al., 2003; Reuter et al., 2009) .
However, the roles of many integrins in normal or neoplastic adult human epidermis are poorly understood, and the signaling events downstream of specific integrin heterodimers that mediate their function in skin is largely unknown (Duperret and Ridky, 2013) . Defining integrin activities in a medically relevant human context is important, as many blocking antibodies, small molecule inhibitors and peptide antagonists are being explored as potential cancer therapeutics (Desgrosellier and Cheresh, 2010; Millard et al., 2011; Weis and Cheresh, 2011) .
Here, we have used a multiplexed small hairpin (sh)RNA screen to target each integrin expressed in organotypic human skin and establish an essential role for specific integrin-αv (also known as ITGAV) heterodimers in maintaining progenitor cell proliferative capacity during epidermal generation. Organotypic tissues incorporate human stromal extracellular matrix and cellular elements, and have been previously used to establish essential, medically relevant roles for genes in epidermal proliferation, differentiation and tumorigenesis (Dumesic et al., 2009; Jameson et al., 2013; Monteleon et al., 2015; Sen et al., 2012) . We demonstrate that integrin αv signals outside of classic focal adhesions in order to maintain keratinocyte proliferation. This requires binding partners integrin β5 and integrin β6 (also known as ITGB5 and ITGB6, respectively), which together regulate cellular (c)-Myc translation through a signaling axis comprising focal adhesion kinase (FAK), p38β (also known as MAPK11) and p90RSK1 (also known as RPS6KA1). We define a crucial role for integrin αv in epidermal generation. Further, we demonstrate that integrin αv is required for neoplastic epidermal tumor invasion but that it is dispensable for the maintenance of established normal epidermis.
RESULTS

Integrin αv is required for human keratinocyte proliferation
To determine the degree to which each integrin subunit is required for human epidermal tissue formation, we developed an shRNA-based screening approach in architecturally faithful organotypic skin. Primary human keratinocytes, melanocytes and fibroblasts were incorporated into the appropriate epidermal or stromal compartments of devitalized acellular human dermis and supported at the air-liquid interface, where tissue stratifies and differentiates into three-dimensional (3D) skin (Fig. 1A ) (Duperret et al., 2014; Monteleon et al., 2015; Ridky et al., 2010) .
We first determined that primary keratinocytes transcribe 16 of the 26 integrin-encoding genes (Fig. S1A ). We then screened shRNA libraries to identify individual hairpins with the ability to reduce transcript levels by more than 75% (Fig. S1C ). Individual keratinocyte populations were transduced with a single shRNA, along with a second virus driving expression of a unique barcoded fluorescent reporter to allow for quantification of the relative representation of each cell population in a mixed group. Pooled integrin-knockdown cells and control cells were mixed in equal ratios and used to regenerate epidermis. The relative representation of each cell population in the starting mixture was compared to that in established day-14 tissue. We included all integrins expressed at the mRNA level in this screen, given the caveat that this might not reflect surface expression. Many integrins appeared to be necessary for keratinocyte proliferation and survival (Fig. 1B) . We chose to focus functional studies on integrin αv, because (1) it was strongly selected against in the screen, (2) it dimerizes with nearly all β subunits, (3) the role in human skin is poorly understood and (4) it has been shown to promote cancer in other tissues (Ricono et al., 2009; Weis and Cheresh, 2011) . In contrast to the results in keratinocytes, we found that integrin-αv loss in melanocytes conferred no survival advantage or disadvantage in tissue (Fig. 1B) . This helps to confirm that the fitness disadvantage in the integrin-αv-knockdown keratinocytes did not result from non-specific off-target toxicity.
Integrin αv is expressed in healing skin wounds (Cavani et al., 1993; Clark et al., 1996) . We determined that integrin αv is also robustly expressed in both normal adult and neonatal skin, with highest expression in the plasma membrane of proliferative basal layer cells (Fig. 1C) . To verify the crucial role of integrin αv in normal skin in a non-competitive context, we knocked down integrin αv in human keratinocytes using two independent hairpins and seeded these cells in organotypic culture (Fig. 1D) . In each case, the resulting tissue was approximately one-third of the thickness of controls, and lacked proliferative BrdU+ basal cells (Fig. 1D,E) . Proliferation arrest was not caused by premature differentiation, as skin tissue lacking integrin αv still lacks keratin 10 (K10) expression in the basal layer (Fig. 1D) . Keratinocytes in two dimensional (2D) culture also displayed cell cycle arrest in response to integrin-αv depletion, with a 4-5 fold increase in the ratio of cells in the G1 phase to those in S phase and a near complete loss of Rb (also known as RB1) phosphorylation (Fig. 1F,G) .
Integrin αv does not localize to keratinocyte focal adhesions
To identify crucial integrin-αv-activated signaling pathways, we first examined its spatial localization relative to focal adhesions in keratinocytes compared to that in dermal fibroblasts. Consistent with previous reports indicating a role for integrin αv in fibroblast adhesion maturation (Schiller et al., 2013) , integrin αv localized to large paxillin-containing focal adhesions in fibroblasts, whereas integrin β1 localized to smaller, less mature, focal adhesions ( Fig. 2A) . In striking contrast, we found that integrin αv did not associate with keratinocyte focal adhesions, whereas integrin β1 was tightly co-localized with all keratinocyte focal adhesions (Fig. 2B) . We confirmed this result on a variety of different substrates, including collagen, fibronectin and vitronectin ( Fig. 2B; Fig. S2C ). Keratinocytes on these substrates still secrete integrin β1 ligands and thus still form paxillin-containing adhesions (Alitalo et al., 1982; Chung et al., 2011) . However, vitronectin, an integrin-αv-specific ligand, did not induce integrin αv focal adhesions (Fig. S2C) . Further, although integrin β1 localized to the tips of actin filaments in keratinocytes, integrin αv did not, indicating that integrin αv is unlikely to connect the extracellular matrix to the actin cytoskeleton in keratinocytes ( Fig. 2B; Fig. S2D ). Consistent with this idea, integrin αv expression was not restricted to the cell-substrate basal adhesive surface in keratinocytes, and instead localized throughout the cell membrane (Fig. S2A,B) . We confirmed integrin αv expression at the cell surface by using immunofluorescence without permeabilization (Fig. S2E) . Integrin-αv knockdown did not alter the number or size distribution of focal adhesions within keratinocytes grown on collagen, fibronectin or vitronectin ( Fig. 2C;  Fig. S2F ). In contrast, integrin-β1 knockdown abolished nearly all keratinocyte focal adhesions (Fig. 2C) . Loss of integrin β1, but not integrin αv, also significantly decreased the area of cell spreading and the mechanical adhesion to the growth surface (Fig. 2D) .
The mechanistic basis for the differential integrin αv localization between keratinocytes and fibroblasts is unclear. We considered the possibility that integrin β3, which is absent in human keratinocytes yet present in fibroblasts, directs integrin αv to focal adhesions. To test this possibility, we expressed integrin β3 in human keratinocytes and examined the localization of the integrin αvβ3 heterodimer (Fig. S2G,H) . Although we achieved high levels of integrin β3 expression, which localized to the plasma membrane, it was insufficient to direct integrin αv to paxillin-containing focal adhesions (Fig. S2G,H) . Consistent with this, depletion of integrin β3 in human fibroblasts decreased the number of integrin-αv-containing focal adhesions, but did not abolish them completely (Fig. S2I) .
Integrin αv controls cell cycle progression in keratinocytes through a FAK-c-Myc signaling axis Despite the lack of integrin αv at keratinocyte focal adhesions, we observed a near-complete loss of both phosphorylated and total FAK, a key regulator of focal adhesion signaling, upon integrin αv knock down (Fig. 3A) . FAK localized to focal adhesions in both human fibroblasts and keratinocytes (Fig. S3C) . Loss of FAK in murine keratinocytes leads to anoikis in in vitro culture (McLean et al., 2004) ; however, we did not observe anoikis in our human integrin-αv-depleted keratinocytes lacking FAK (Fig. S3A) . In contrast, integrin-β1 depletion in keratinocytes led to significant anoikis (Fig. S3A ). To determine whether this discrepancy might be due to differences between mouse and human keratinocytes, we examined anoikis upon FAK inhibition in both human and murine primary keratinocytes (Fig. S3A,B) . Although FAK inhibition did not induce anoikis in human keratinocytes, FAK inhibition in murine keratinocytes led to a modest increase in terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining (Fig. S3A,B ). These differences might be the result of in vitro culture conditions because mouse keratinocytes that lack FAK can proliferate under certain optimized conditions (Schober et al., 2007) .
We also observed a striking loss of c-Myc protein upon either integrin-αv knockdown, specific FAK inhibition or FAK knockdown ( Fig. 3A,C; Fig. S4F ). To gain further insight into mechanisms driving cell cycle arrest after integrin αv loss, we used a doxycycline-inducible shRNA against integrin αv to define the sequence and timing of the loss of downstream signaling pathways (Fig. 3B ). Integrin αv loss was nearly complete at 3 days post doxycycline induction (dpi); FAK depletion followed at 4-5 dpi (consistent with the long half-life of FAK), and ultimately c-Myc loss at 6 dpi, immediately before cell cycle arrest (Fig. 3B) . Reexpression of c-Myc was also sufficient to rescue the proliferation arrest without restoring upstream FAK (Fig. 3D ). This phenotype was re-capitulated in organotypic culture, where re-expression of c-Myc in integrin-αv-null skin was sufficient to rescue tissue thickness and basal cell proliferation, while preserving normal stratification and differentiation ( Fig. 3E-G) . These data suggest that integrin αv controls cell cycle progression through a FAK-cMyc signaling pathway.
Integrin αv controls FAK expression and activation through TGFβ signaling
We next questioned how integrin αv controls FAK expression and activation. Integrin αv regulates FAK at the post-transcriptional level, because integrin-αv loss does not alter the levels of FAK mRNA (Fig. 4A) . Previous efforts have linked TGFβ signaling to FAK activity and/or FAK expression through a variety of different mechanisms (Brooks et al., 1996; Cicchini et al., 2008; Kracklauer et al., 2003; Rolli et al., 2003; Thannickal et al., 2003; Wang et al., 2004; Wendt and Schiemann, 2009) . Because of the role of integrin αv in activating latent TGFβ through force-dependent or matrix metalloproteinase (MMP)-dependent mechanisms, we questioned whether this could explain the loss of FAK observed upon depletion of integrin αv (Mamuya and Duncan, 2013) . Consistent with the hypothesis that integrin αv loss inhibits TGFβ, we observed a loss of Smad3 phosphorylation upon integrin-αv knockdown (Fig. 4B ). We treated control or integrin-αv-knockdown cells with exogenous TGFβ1 and observed a dose-dependent increase in both phosphorylated and total FAK protein in integrin-αv-null cells that peaked at treatment with 10 pM of TFGβ1 and tapered off at higher concentrations (Fig. 4C ). The lack of dose-dependent increase in FAK phosphorylation in control cells is potentially due to saturation of FAK activation (Asthagiri et al., 1999) . This suggests that integrin-αv-mediated control of TGFβ signaling is at least partially responsible for maintaining FAK expression and activity. It is possible that the fitness disadvantage observed upon loss of other integrins is likewise due to changes in TGFβ signaling, or to entirely distinct mechanisms . using one-way ANOVA. Scale bars: 100 μm. ***P<0.0005; NS, not significant.
To determine whether TGFβ is regulated by MMPs or forcedependent mechanisms in keratinocytes, we treated keratinocytes with either a dual MMP2 and MMP9 inhibitor or the actin polymerization inhibitor cytochalasin D. We observed a decrease in phosphorylated Smad3 with MMP inhibition, but not with cytochalasin-D-mediated cytoskeleton disruption (Fig. 4D ,E). We did not observe a difference in the expression of secreted MMP2 and MMP9 or the activity of these proteins upon integrin-αv knockdown. However, integrin αv is thought to control the local coordinated activities of MMPs at the membrane (Brooks et al., 1996; Mu et al., 2002; Wipff and Hinz, 2008; Yu and Stamenkovic, 2000) . These results suggest that integrin αv does not control TGFβ signaling through adhesion-mediated forces, but rather through MMPs. It is also possible that MMPs and integrin αv are required in parallel for the regulation of TGFβ signaling.
To further explore the mechanism by which integrin αv controls the FAK protein activity in keratinocytes, we expressed wild-type FAK or hyperactive SuperFAK and then induced integrin-αv knockdown. Exogenously expressed FAK or SuperFAK was properly phosphorylated at the Tyr397 auto-phosphorylation site in control cells (Fig. S3D,F) . Expression of exogenous FAK or SuperFAK was sufficient to rescue total FAK protein, but not FAK activity in integrin-αv-null keratinocytes (Fig. S3D,F) . Furthermore, FAK localization at focal adhesions was lost upon integrin-αv knockdown, even in the presence of supplemental exogenous FAK (Fig. S3E ). This indicates that integrin αv contributes to both FAK expression and the localization to focal adhesions in human keratinocytes. Although TGFβ has a wellestablished role in regulating FAK, the specific mechanisms are unclear. We did not observe consistent downregulation of Src, ERK or p70 S6K signaling pathways -which have been implicated in TGFβ-mediated regulation of FAK -upon integrin-αv knockdown ( Fig. S3H; Fig. 5D ; Fig. S4E ) (Cicchini et al., 2008; Suer et al., 2009; Walsh et al., 2008; Wang et al., 2005) . There is evidence for TGFβ-mediated regulation of talin proteins, which is known in certain situations to recruit FAK to focal adhesions (Chen et al., 1995; Frame et al., 2010; Lawson et al., 2012) . In keratinocytes, integrin-αv knockdown led to a reduction in talin-1 protein levels, which was rescued upon addition of TGFβ1 (Fig. S3I) . This integrin-αv-and TGFβ1-dependent control of talin-1 expression might be necessary to orchestrate proper localization of FAK to focal adhesions.
Integrin αv controls c-Myc translation through a FAK-p38-p90RSK signaling axis
Integrin αv and FAK regulation of the c-Myc protein occurs posttranscriptionally as c-Myc transcript levels are unaltered upon either integrin-αv knockdown or inhibition of FAK (Fig. S4A,B) . We next examined the c-Myc half-life in integrin-αv-knockdown or FAKinhibited cells and found no enhancement of the degradation of the c-Myc protein in either setting (Fig. S4C,D) . This indicates that integrin αv and FAK are likely to influence c-Myc translation. To test the hypothesis that translation of the c-Myc protein is regulated by integrin αv and FAK through elements in the 5′UTR or 3′UTR, we generated chimeric reporter constructs containing doxycyclineinducible luciferase with (1) no UTRs, (2) the 5′UTR of MYC, or (3) the 3′UTR of MYC (Fig. 5A) . We transduced keratinocytes with these constructs, antagonized integrin αv and FAK, and then induced luciferase expression. Integrin-αv loss or FAK inhibition led to decreased luciferase activity only when the luciferase transcript contained the MYC 5′UTR (Fig. 5B,C) . These findings indicate that integrin αv and FAK control 5′UTR-dependent translation of c-Myc.
Cap-dependent c-Myc protein translation is partially regulated by Akt-mTOR signaling in some settings (Gera et al., 2004) . However, we observed an increase in both Akt and p70 S6K family members phosphorylation upon loss of integrin αv, indicating that translation of c-Myc is likely to be controlled through alternative integrin-αv-and FAK-regulated pathways (Fig. S4E) . In that regard, ERK proteins and p38 MAPK family members are also known to control 5′UTR-dependent c-Myc translation through cap-dependent and -independent mechanisms (Shi et al., 2005; Stoneley et al., 2000; Subkhankulova et al., 2001 ). Integrin-αv depletion did not alter phosphorylation of ERK1/2, but did decrease phosphorylation of p38 MAPK family members, indicating that this pathway is involved in c-Myc translation (Fig. 5D ). Furthermore, we observed a decrease in the phosphorylation of p90RSK family members upon integrin-αv knockdown (Fig. 5D ). Although ERK1/2 has a wellestablished role in phosphorylating p90RSK family members, p38 MAPK family members have also been shown to promote activation of p90RSK indirectly in some cell types (Roux et al., 2007; Zaru et al., 2015) . Furthermore, we observed a decrease in phosphorylation of two ribosomal kinase (RSK) translation machinery targets -RPS6 at residue Ser235 (but not Ser240) and eIF4B, upon integrin-αv knockdown (Fig. 5E) (Degen et al., 2013; Roux et al., 2007) . RPS6 phosphorylation at Ser240 is controlled by p70 S6K (Pende et al., 2004) . FAK inhibition or FAK knockdown led to a similar decrease in phosphorylation of both p38 MAPK family members and p90RSK family members ( Fig. 5F; Fig. S4F ). This indicates that FAK activity is necessary for activation of these signaling pathways downstream of integrin αv. To test whether the lack of p38 activation was directly responsible for these signaling events, we next inhibited p38α and p38β (MAPK14 and MAPK11, respectively) (Fig. 5G) . Inhibition of p38α and p38β led to an immediate decrease in p90RSK phosphorylation, eIF4B phosphorylation, RPS6 phosphorylation at Ser235, c-Myc protein expression and Rb phosphorylation without altering ERK1/2 activity or upstream FAK protein levels (Fig. 5G) . We confirmed these results with small molecule inhibitors by using genetic approaches. The p38 inhibitor SB202190 targets both p38α (encoded by MAPK14) and p38β (encoded by MAPK11). At the RNA level, MAPK11 is expressed at levels tenfold higher than those of MAPK14, and we thus targeted this transcript with shRNA (Fig. S4G) , which recapitulated the effects of the small molecule p38 inhibitor (Fig. S4I) . Furthermore, restoration of p38 phosphorylation levels in integrin-αv-null keratinocytes through expression of a constitutively active MKK6 (also known as MAP2K6) mutant [MKK6(glu)] was sufficient to rescue cell growth and c-Myc protein levels (Fig. 5I) . To test whether p90RSK activity was directly responsible for these signaling pathway changes, we inhibited p90RSK (Fig. 5H) . Inhibition of p90RSK led to a decrease in eIF4B phosphorylation, phosphorylation of RPS6 at Ser235, c-Myc protein expression and subsequent growth arrest, without altering FAK levels (Fig. 5H) . We also confirmed these signaling pathway changes using genetic approaches. P90RSK1 (encoded by RPS6KA1) is the predominant p90RSK isoform expressed in keratinocytes (Fig. S4G) . Further, only hairpins targeting p90RSK1 (but not the other two isoforms) reduced levels of all p90RSK family members ( p90RSK1/2/3) (Fig. S4H) . Knockdown of p90RSK1 recapitulated the effects of the small molecule p90RSK inhibitor (Fig. S4J ). These data, taken together, support the notion of a pathway in which integrin αv controls c-Myc protein translation through activation of FAK, p38 and p90RSK proteins (Fig. 5J) .
Integrin αv controls the cell cycle in keratinocytes through binding partners integrin β5 and integrin β6
Integrin αv has several potential binding partners, including integrin β1, integrin β3, integrin β5, integrin β6 and integrin β8, all of which, except integrin β3, are expressed in cultured keratinocytes ( Fig. 6A,B ; Fig. S1A,B) . In immunoprecipitation and western blot experiments, we found that integrin αv bound to integrin β5, integrin β6 and integrin β8, but not to integrin β1 (Fig. 6B) . To determine which β subunits are most crucial in mediating the integrin-αv loss phenotype, we knocked down each β subunit individually in organotypic skin (Fig. 6C) . Immunoprecipitation experiments showed that knock down of one β subunit did not lead to increased integrin-αv heterodimerization with the remaining β subunits (Fig. 6D) . In contrast, knockdown of integrin β5 led to a slight reduction in integrin-αv immunoprecipitation with integrin β6 and vice versa (Fig. 6E) . We found that loss of the integrin αvβ5 heterodimer or the integrin αvβ6 heterodimer individually largely phenocopied the loss of skin tissue proliferation seen upon depletion of all integrin αv heterodimers (Fig. 6F) . The integrin αvβ5 requirement was slightly greater than that for integrin αvβ6, as determined by analyzing tissue thickness and BrdU incorporation (Fig. 6G,H) . Loss of integrin β5 led to an absence of FAK protein, whereas depletion of integrin β6 partially reduced FAK levels (Fig. 6I) . Loss of integrin β5 or integrin β6 also led to a similar reduction in phosphorylation of Smad3 (Fig. 6J) . Thus, the cell cycle arrest in response to integrin-αv loss was due to the combined loss of both integrin αvβ5 and integrin αvβ6.
Integrin αv is required for organotypic skin tissue generation but not epidermal maintenance These initial analyses focused on the roles of integrins in tissue generation, and in cultured 'activated' keratinocytes. To determine the role of integrin αv in tissue maintenance, we used a doxycycline-inducible shRNA to knockdown integrin αv at successive time points during organotypic tissue regeneration (Fig. 7A) . Loss of integrin αv occurred 3-4 dpi and persisted throughout the course of the experiment (Fig. 7C) . The phenotypic tissue effects of integrin-αv loss were seen only at the earliest time points (Fig. 7B) , correlating with thin tissue and a lack of BrdU incorporation ( Fig. 7D,E) . Tissue that had been treated with doxycycline 2 days before seeding (day −2) was slightly thicker than the tissue that had been treated with doxycycline 4 days before seeding (day −4). The day −2 tissue was able to proliferate for 1 to 2 days before integrin-αv knockdown occurred, whereas the day −4 tissue displayed loss of integrin αv before seeding. All other time points showed normal tissue thickness and normal basal epidermal proliferation (Fig. 7D ,E) despite robust loss of integrin αv. These observations indicate that integrin αv is only necessary for tissue generation and is not required for the maintenance of normal epidermis. Next, we sought to determine whether the FAK-p38-p90RSK pathway that mediates the effects of integrin-αv loss in cultured cells was required in a similar manner in 3D tissue. We inhibited each of these pathway elements at two different time points during epidermal tissue generation -day 0 and day 4. Inhibition of each pathway component led to a decrease in epidermal tissue thickness and S-phase basal cells when inhibitors were added at day 0, but not at day 4 (Fig. 7F,G) . Furthermore, organotypic tissue that had been formed from integrin-αv-knockdown cells showed decreased levels of FAK and c-Myc, and of p38 and p90RSK phosphorylation, indicating that this pathway is also active in organotypic tissue (Fig. 7H) . Taken together, these data indicate that the integrin-αv-FAK-p38-p90RSK signaling pathway plays a crucial role in organotypic epidermal tissue formation, but is relatively dispensable for epidermal maintenance.
Integrin αvβ5 and integrin αvβ6 are required for organotypic SCC invasion Because epidermal tissue generation and epidermal carcinoma are both associated with increased basal cell proliferation, we hypothesized that integrin αv is required for tumorigenesis. We examined integrin-αv expression and localization in human epidermal SCCs and found that nearly every tumor cell displayed intense membrane-localized staining of integrin-αv (Fig. 8A) . To determine whether integrin αv or its binding partners, integrin β5 and integrin β6, are required for tumor initiation, we knocked down each of these subunits in keratinocytes that had been engineered to express a medically relevant oncogene pair, including active Cdk4 (mutant R24C), and H-Ras (mutant G12V), which are sufficient to convert normal organotypic epidermis into SCC that invades through the basement membrane (Lazarov et al., 2002; Ridky et al., 2010) . We found that knockdown of integrin αv, integrin β5 or integrin β6 in tissue before oncogene activation blocked tumor invasion, whereas knockdown of integrin β8 had no effect (Fig. 8B,C) . To determine whether integrin αv is also required for tumor invasion in established organotypic tumors, we performed a parallel doxycycline-inducible integrin-αv-knockdown time course in keratinocytes that expressed Cdk4 (mutant R24C) and H-Ras (mutant G12V). Doxycycline-induction was sufficient to inhibit neoplastic invasion at every time point, including 2 days postseeding, indicating that integrin αv is required for both initiation of neoplastic invasion and subsequent progression (Fig. 8D,E) . These results suggest that integrin αvβ5 and integrin αvβ6 might be useful therapeutic targets for the treatment of SCC.
Next, we questioned whether the downstream pathway elements (FAK-p38-p90RSK) could also be therapeutic targets for the treatment of SCC. Inhibition of each of these elements with small molecule inhibitors, at doses that did not affect normal tissue, significantly attenuated Ras-driven neoplastic invasion (Fig. 8F,G) .
DISCUSSION
Here, we have used both genetic and pharmacological approaches to define the functional roles of integrin-αv heterodimers in organotypic human skin and epidermal SCC. We show that integrin αv is required during the initial stages of skin tissue generation, but not for tissue maintenance. Integrin αv signals outside of focal adhesions though a FAK-p38-c-Myc signaling axis to promote keratinocyte proliferation. Further, we show that integrin αvβ5 and integrin αvβ6 are required for the invasive nature of human SCC, identifying these specific heterodimers as potential therapeutic targets (Fig. 8H ).
Integrin-αv heterodimers and wound healing
Integrin-αv-null mice die during embryogenesis, or immediately after birth, whereas ablation of epidermal integrin αv during embryogenesis does not result in obvious morphological defects (Bader et al., 1998; Savar et al., 2014) . Normal skin tissue proliferation in response to 7,12-Dimethylbenz[a]anthracene (DMBA) or 12-O-tetradecanoylphorbol-13-acetate (TPA) has not been examined in skin conditional integrin-αv-knockout mice (Savar et al., 2014) . Ablation of integrin β5 or integrin β6 during embryogenesis does not lead to skin defects, indicating that these heterodimers are not necessary for epidermal development (Huang et al., 2000; Xie et al., 2012) . However, the functional roles of integrin αvβ5 and integrin αvβ6 heterodimers in the wound-healing setting are unclear. In humans, integrin αv is upregulated during wound healing (Cavani et al., 1993; Clark et al., 1996) . Young integrin-β6 −/− mice do not display woundhealing defects; however, wound healing is delayed in aged integrin-β6-null mice compared to age-matched controls (AlDahlawi et al., 2006; Huang et al., 1996) . In contrast, constitutive expression of integrin β6 in the epidermis leads to the formation of chronic wounds (Häkkinen et al., 2004) . Integrin-β5 −/− mice display normal cutaneous wound healing, although this has not been tested in aged mice (Huang et al., 2000) . The contribution to these epidermal phenotypes is unclear because integrin β5 and integrin β6 have not been ablated specifically in mouse skin. It is clear that the role of integrin αvβ6 in wound healing is highly dependent on the expression level of this heterodimer and additional environmental or cellular factors. In human organotypic epidermis, keratinocytes adhere to the basement membrane, rapidly proliferate and stratify into fullthickness epidermis, processes that are similar to wound healing. Here, we have provided evidence that both integrin αvβ5 and integrin αvβ6 heterodimers are thus likely to play crucial roles in re-epithelialization after human skin wounding.
Integrin-αv heterodimers in tumorigenesis
Integrin-αv heterodimers are implicated in both tumor-promoting and tumor-suppressive roles in epithelial tissues. In mouse skin, integrin-αv deletion cooperates with p53 loss to transiently promote initial SCC formation, but ultimately results in decreased tumor growth (Savar et al., 2014) . Knockout of integrin αv in mouse eyelids and conjunctiva also seems to promote SCC formation (McCarty et al., 2008) . Integrin β6 has a growth-suppressive role in the mouse skin and hair follicles because skin and hair follicles lacking integrin β6 are thicker with more Ki67+ cells (Xie et al., 2012) . These conflicting data could reflect inherent differences between mouse and human skin. Consistent with this, integrin αvβ6 is overexpressed in epidermal SCC; higher integrin αvβ6 expression correlates with decreased cell survival in human cervical SCC, and integrin αvβ6 promotes invasion in human oral SCC cell lines (Hazelbag et al., 2007; Nystrom et al., 2006; Reuter et al., 2009) . Also potentially complicating direct comparisons between mouse and human systems is the fact that in most mouse models, integrin expression is depleted during embryogenesis, rather than in adult tissue. Acute loss of integrins in adult mouse skin has been shown to have markedly different phenotypic effects compared to loss during development (Brakebusch et al., 2000; López-Rovira et al., 2005; Raghavan et al., 2000) .
Integrin-αv signaling in skin tissue
Here, we describe a focal-adhesion-independent role for integrin-αv heterodimers and show that the lack of localization of integrin αv to focal adhesions in keratinocytes is not due to a lack of keratinocyte integrin β3. Although keratinocyte integrin αv localizes to the plasma membrane, we cannot detect its concentration in a specific known subcellular compartment. It could be informative in future studies to characterize the specific protein component of focaladhesion-independent integrin-αv adhesion complexes in keratinocytes, which could potentially provide insight into the mechanistic basis for its unique localization pattern. This might additionally provide insight regarding how integrin αv controls FAK expression levels without affecting the structural integrity of the integrin-β1-containing focal adhesions. The phenotypes that we observe upon integrin-αv loss in skin are consistent with mouse models of epidermal c-Myc loss. c-Myc epidermal knockout during development leads to severe skin fragility, hypoproliferation and impaired wound healing (Zanet et al., 2005) . However, inducible c-Myc deletion in adult mouse epidermis is well tolerated, with no obvious skin abnormalities (Oskarsson et al., 2006) . These phenotypes are consistent with the intestinal epithelium, where c-Myc is necessary for crypt formation but dispensable for crypt homeostasis (Bettess et al., 2005) . c-Myc is thus able to function differently based on various environmental stresses and physiological states.
Therapeutic utility of targeting integrin αvβ5 and integrin αvβ6 in SCC Most cutaneous SCCs in immunocompetent individuals can be treated with local excisions or topical delivery of immunomodulatory and chemotherapy; however, there are frequently cases in which individuals are not good surgical candidates. Additionally, immunosuppressed SCC individuals often suffer from SCC metastasis and unfortunately have limited treatment options.
The idea of targeting specific integrin-αv heterodimers as an anticancer strategy is intriguing because these specific heterodimers appear to control both FAK and c-Myc. FAK is known to promote tumor formation in mouse SCC models, and several small molecule FAK inhibitors are in early-stage clinical trials (McLean et al., 2001 (McLean et al., , 2004 Sulzmaier et al., 2014) . Targeting FAK indirectly through integrin αv might lead to greater specificity than small molecule kinase inhibitors, and as a cell surface protein, integrin αv could be vulnerable to blocking antibodies and peptide-based agents. It will also be interesting to determine whether integrin αv controls the FAK-p38-c-Myc pathway in other epithelial malignancies that are dependent on Myc signaling (Gabay et al., 2014) .
Targeting each heterodimer individually might lead to fewer sideeffects than antagonism of the entire integrin-αv group because the β subunits are not as ubiquitously expressed as integrin αv, and their corresponding knockout mice have minimal phenotypes (Huang et al., 1996 (Huang et al., , 2000 . In summary, we have shown that acute loss of integrin αvβ5 and integrin αvβ6 leads to loss of de novo epidermal tissue generation and tumor invasion but not to loss of tissue maintenance; therefore, these heterodimers might be useful targets in the treatment of human epidermal cancers.
MATERIALS AND METHODS
Cell culture and reagents
Primary human keratinocytes, melanocytes and fibroblasts were isolated from neonatal foreskins obtained from the Hospital of the University of Pennsylvania. Foreskins were incubated in a 1:1 ratio of dispase (Fisher) to Dulbecco's modified Eagle's medium (DMEM; with high glucose, 4.5 g/l) +5% FBS (fetal bovine serum, Invitrogen) overnight at 4°C. The epidermis was carefully peeled from the underlying dermis and incubated in trypsin for 10 min at 37°C. The trypsin was neutralized with DMEM+5% FBS and 1% antibiotic-antimycotic (Gibco), and spun at 300 g for 5 min. The supernatant was removed, and the pellet was plated in keratinocyte medium containing 50% Gibco Keratinocyte-SFM+L-glutamine+EGF and bovine pituitary extract (BPE), 50% Gibco Cascade Biologics 154 medium for keratinocytes and 1% penicillin-streptomycin (100 U/ml, Gibco) for keratinocyte culture, or Melanocyte Medium 254 (Gibco) with Human Melanocyte Growth Supplement and 1% penicillin-streptomycin (100 U/ml, Gibco) for melanocyte culture. For fibroblast isolation, the dermis was chopped into small pieces and incubated in 1 ml of collagenase (10 mg/ml, Roche) at 37°C for 15 min. 1 ml of 0.05% trypsin (Gibco) was added and incubated for another 10 min at 37°C. 1 ml of DMEM+5% FBS was added to quench the trypsin, and the pieces of dermis were removed and discarded. The remaining solution was centrifuged at 300 g for 5 min. The supernatant was removed and the pellet plated in DMEM+5% FBS+1% antibiotic-antimycotic. HEK293T and Phoenix cells were purchased from American Type Culture Collection (ATCC) and also cultured in DMEM +5% FBS+1% antibiotic-antimycotic. All small molecules and recombinant proteins used are listed in Table S2 .
Hybridoma culture and antibody purification
The mouse L230 hybridoma cell line was obtained from ATCC (HB-8448) and cultured according to ATCC guidelines. Supernatant was collected and filtered using a 0.22-µm filter. Antibody was isolated from the supernatant and concentrated using the Nab Protein G Spin Kit (Thermo). Antibody concentration was quantified by measuring the absorbance at 280 nm.
Lentiviral and retroviral constructs
A list of hairpins used in this study is included in Table S3 . The following pRRL constructs were used in this study: pRRL-c-Myc, pRRL-luciferase and pRRL-MKK6(glu). The pRRL-MKK6(glu) construct was cloned from pcDNA3-Flag MKK6(glu), which was a gift from Roger Davis (Addgene plasmid #13518) (Raingeaud et al., 1996) . The following LZRS retroviral constructs were used in this study: LZRS-ER-H-Ras G12V, LZRS-Cdk4 R24C and LZRS-luciferase. The TRIPZ-β3 construct was cloned using fibroblast cDNA.
Lentivirus and retrovirus production and transduction
Phoenix cells and HEK293T cells were used for retrovirus and lentivirus production, respectively. HEK293T cells were seeded at 70% confluence on 6-well plates and transfected with 1.22 µg lentiviral plasmid that had been mixed with packaging plasmids pCMVΔR8.91 (0.915 µg) and pUC-MDG (0.305 µg) per well using Fugene6 transfection reagent (Promega). Phoenix cells were transfected using the same protocol without the packaging plasmids. 10 mM sodium butyrate (Sigma) was added 16 h after transfection, and cell culture medium was replaced 24 h after transfection and virus-producing cells were moved to 32°C. Human keratinocytes, melanocytes and fibroblasts were transduced at 10-40% confluence with lentivirus harvested at 48 and 72 h post-transfection of packaging cells. Lentivirus was filtered through a 45-μm filter (Argos) and supplemented with 5 μg/ml of polybrene (hexadimethrine bromide, Sigma). Subsequently, cells were spun at 300 g for 1 h at room temperature. Complete growth medium was replaced after 15 min of incubation at 37°C.
Antibodies and immunoblot analysis
Adherent cells were washed with PBS and then lysed with RIPA Lite lysis buffer -50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40 containing protease inhibitors (Roche) and phosphatase inhibitors (Roche). Lysates were quantified using Bradford assay, and reduced in Laemmli sample buffer containing β-mercaptoethanol (BioRad). Cell lysates were subjected to SDS gel electrophoresis on 4-15% Tris-Glycine precast polyacrylamide gels (BioRad) in running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3). Protein was transferred to PVDF membrane (Millipore) using a Trans-blot Semi-Dry Transfer Cell (BioRad) in semi-dry transfer buffer. Membranes were blocked with 5% milk in TBST or 5% BSA in TBST and incubated in primary antibodies at 4°C overnight. After incubation with horseradish peroxidase (HRP)-conjugated secondary antibody (Cell signaling) for 30 min-1 h at 4°C, proteins were detected using ECL western blotting detection reagents (GE-Amersham Biosciences) or Luminata Crescendo western HRP substrate (Millipore). All antibodies used are listed in Table S2 .
RNA isolation and qPCR
RNA was isolated using an RNeasy Plus Mini Kit (Qiagen), and RNA was converted to cDNA using the Applied Biosystems High Capacity RNA to cDNA kit. Quantitative (q)PCR was performed using Power SYBR Green master mix using a ViiA 7 real-time PCR system (Life Technologies).
Relative expression levels were calculated using the 2 −ΔΔCt method. All primers used in the qPCR analyses are listed in Table S1 .
Immunofluorescence
Skin tissues were embedded in optimal cutting temperature compound (OCT) and sectioned at 8-µm thickness using a cryostat. Tissue sections were fixed in cold methanol for 2 min. Cultured cells were fixed and permeabilized using microtubule stabilization buffer [MTSB; 0.1 M PIPES, pH 6.75, 1 mM EGTA, 1 mM MgSO 4 , 4% (w/v) poly(ethylene glycol), 1% Triton X-100, 2% paraformaldehyde]. Both tissue sections and cultured cells were blocked in 5% horse serum in PBS for 30 min and incubated in 1% horse serum in PBS for primary and secondary antibody incubation (30 min each). For FAK staining, cells were fixed in cold methanol for 10 min instead of paraformaldehyde. Tissue sections were mounted using Prolong Gold Antifade plus DAPI reagent. Images of tissues were taken using an Olympus BX-61 inverted microscope, and images of cultured cells were taken using a Zeiss LSM 710 confocal microscope. For BrdU staining, tissues were fixed in cold 70% EtOH for 5 min at room temperature. Tissue sections were rinsed with PBS, incubated in 1.5 M HCl for 30 min and then rinsed in PBS again. Tissues were blocked in 5% horse serum+0.3% Triton X-100 in PBS for 60 min and then incubated with primary antibody overnight in 1% BSA in PBS. Secondary antibody was incubated in 1% BSA for 1 h at room temperature. All antibodies used are listed in Table S2 .
Immunoprecipitation
Keratinocytes were lysed in RIPA lysis buffer to extract membrane proteins (TBS, pH 7.5 supplemented with 2 mM CaCl 2 , 1 mM MgCl 2 , 1% NP-40 and 1% Triton X-100 plus protease and phosphatase inhibitors). The Pierce crosslink immunoprecipitation kit was used for immunoprecipitation according to the manufacturer's protocol (Thermo).
Fluorescence-activated cell sorting
For all doxycycline-inducible experiments, keratinocytes were sorted to achieve maximum hairpin induction. pTRIPZ-transduced human keratinocytes were induced with doxycycline for 24 h before cell sorting. Cells were trypsinized and resuspended in 1× PBS containing 1% BSA in a polypropylene tube (Falcon) at a density of 10×10 6 cells/ml. The top 20% of red fluorescent protein (RFP)+ cells was sorted onto 6-well plates containing keratinocyte growth medium using a BD FACSAria II cell sorter in the University of Pennsylvania flow cytometry and cell sorting facility. Cells were allowed to recover from the sorting process in doxycycline-free medium for 1 to 2 weeks before experimentation. Propidium iodide staining and flow cytometry Keratinocyte nuclei were isolated and stained with propidium iodide using the CycleTEST PLUS DNA reagent kit. Cells were analyzed using a BD FACSCalibur in the University of Pennsylvania flow cytometry and cell sorting facility. Data were analyzed and the percentages calculated using ModFit software.
Luciferase assay
Firefly luciferase activity was measured using the Dual-Glo luciferase assay system (Promega) and a BD Monolight 3096 microplate luminometer.
Organotypic culture
Split-thickness human skin was obtained and washed in PBS containing penicillin-streptomycin, and incubated at 37°C for 7 to 10 days. PBS was changed every 2 days. The epidermis was separated from the dermis and subsequently discarded. The dermis was washed and incubated in PBS at 4°C for 6 to 12 weeks. PBS was changed every 2-3 days. For assembly of organotypic tissue, the dermis was cut into 1 cm 2 square pieces and placed into 12-well culture plates with the basement membrane side facing down. 100,000 fibroblasts were seeded into each well and incubated at 37°C with 5% humidified CO 2 for 3 to 4 days. The dermis with fibroblasts was elevated onto a sterilized annular dermal support tissue culture insert device in a manner such that the basement membrane was oriented upwards. The growth medium was changed to keratinocyte growth medium (KGM) [3:1 mixture of DMEM:Ham's F12, supplemented with 10% FBS, adenine (1.8×10 −4 M), hydrocortisone (0.4 μg/ml), insulin (5 μg/ml), cholera toxin (1×10 −10 M), EGF (10 ng/ml), transferrin (5 μg/ml), and triido-L-thyronine (1.36 ng/ml)]. Epithelial cells were seeded onto the basement membrane side at a density of 1×10 6 per cm 2 , in a total volume of 80 µl. For organotypic skin, the upper chamber was kept dry and exposed only to air, and the KGM medium in the lower chamber was changed every day. Organotypic skin tissue was harvested at 14 days, and organotypic transformed tissue was harvested at 10 days. For BrdU labeling, organotypic tissue was incubated with BrdU-labeling reagent (Invitrogen) at a 1:100 dilution in KGM for 1 h.
Invasion assay
For invasion measurements, we established organotypic tissues (described in detail above) containing keratinocytes that had been transduced with mutant Cdk4 (mutant R24C) and oncogenic H-Ras (mutant G12V) in the epidermal compartment, and primary non-transduced human fibroblasts in the dermal compartment. These epidermal transformed keratinocytes spontaneously invade through the basement membrane of these organotypic tissues into the dermis. We quantified the invasion area (in mm 2 ) per field by imaging these tissues across the length of the entire 1-cm 2 tissue. We measured the area of keratin 5 (K5)+-labeled epidermal keratinocytes that invaded past the basement membrane (labeled with collagenVII) into the dermis using ImageJ. We then averaged the invasive area across the entire tissue, and then across biological replicates.
Quantification and statistical analysis
Tissue thickness and tumor invasion were quantified using ImageJ software. Focal adhesion size and number were also quantified using ImageJ software. For experiments with two groups, statistical significance was measured using a Student's t-test. For experiments with more than two groups, one-way ANOVA was used to measure statistical significance. For experiments in which ANOVA showed significance, Tukey's honest significance difference (HSD) test was performed. *P<0.05; **P<0.005; ***P<0.0005; NS, not statistically significant.
